Background
Tumor cells present high levels of oxidative stress. Cancer therapeutics exploiting such biochemical changes by increasing reactive oxygen species (ROS) production or decreasing intracellular ROS scavengers could provide a powerful treatment strategy.
Methods
To test the effect of our compound, obtusaquinone (OBT), we used several cell viability assays on seven different glioblastoma (GBM) cell lines and primary cells and on 12 different cell lines representing various cancer types in culture as well as on subcutaneous (n = 7 mice per group) and two intracranial GBM (n = 6-8 mice per group) and breast cancer (n = 6 mice per group) tumor models in vivo. Immunoblotting, immunostaining, flow cytometry, and biochemical assays were used to investigate the OBT mechanism of action. Histopathological analysis (n = 2 mice per group) and blood chemistry (n = 2 mice per group) were used to test for any compound-related toxicity. Statistical tests were two-sided.
Results
OBT induced rapid increase in intracellular ROS levels, downregulation of cellular glutathione levels and increase in its oxidized form, and activation of cellular stress pathways and DNA damage, subsequently leading to apoptosis. Oxidative stress is believed to be the main mechanism through which this compounds targets cancer cells. OBT was well tolerated in mice, slowed tumor growth, and statistically prolonged survival in GBM tumor models. The ratio of median survival in U251 intracranial model in OBT vs control was 1.367 (95% confidence interval [CI] of ratio = 1.031 to 1.367, P = .008). Tumor growth inhibition was also observed in a mouse breast cancer model ( 
Conclusions
Given its properties and efficacy in cancer killing, our results suggest that OBT is a promising cancer therapeutic. J Natl Cancer Inst;2013;105: [643] [644] [645] [646] [647] [648] [649] [650] [651] [652] [653] Cancer therapeutics are becoming increasingly effective in controlling tumor growth and progression, yet the chief challenge remains to selectively kill tumor cells while having little or no toxicity on their normal counterparts. In that context, compounds that target cancer-related genetic alterations offer a great alternative; however, due to the heterogeneity of tumors, these drugs are often limited to a selective group of patients and tumors can often circumvent their efficiency and become resistant (1) . Another therapeutic approach consists of exploiting the biochemical changes in cancer. Tumor cells present particularly high levels of oxidative stress (2) . This is generally caused by an increase in reactive oxygen species (ROS) production or a decrease in intracellular ROS scavengers (3) . A marked increase in ROS is believed to promote cell survival and confer resistance to therapy (4) . Given this different redox state between normal and tumor cells, it is believed that the latter has a greater reliance on their ROSscavenging capacities. Thus, further increase in oxidative stress can overwhelm this stress response in tumor cells, leading to cell death.
Through small molecule drug screening assay based on the secreted Gaussia luciferase bioluminescent reporter as a cell viability readout (5), we identified a natural compound, obtusaquinone (OBT) that exhibited substantial toxicity toward different glioblastoma (GBM) cell lines and primary cells as well as toward twelve different cancer cell lines. OBT is a quinone methide extracted from the heartwood of Dalbergia retusa (cocobolo) (6) . This compound has been shown to present antifungal properties (7). Here we describe the antineoplastic activity of OBT and its selective killing of tumor cells through an ROS-dependent mechanism.
Methods

Cell Culture
Unless mentioned otherwise, all cell lines used in this study were obtained from American Type Culture Collection (ATCC) and grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO), 100 U penicillin, and 0.1 mg/mL streptomycin (Sigma). MDA-MB231Br cells were obtained from Dr Patricia Steeg (National Cancer Institute, Bethesda, MD). Primary GBM cells dissociated from tumor tissues of GBM patients (GBM6 and GBM8) had been previously characterized by Dr Samuel Rabkins Group (Massachusetts General Hospital, Boston, MA) (8) . Those cells were maintained as neurospheres in human neural stem cell media (NeuroCult; STEMCELL Technologies, Vancouver, Canada) supplemented with recombinant human epidermal growth factor (EGF) (20 ng/ml), fibroblast growth factor (FGF) (10 ng/ml) (Peprotech, Rocky Hill, NJ), and heparin (2 μg/ mL; Sigma). HF19 and HF29 human fibroblast (HF) cells as well as primary GBMs were obtained from Dr Xandra Breakefield (Massachusetts General Hospital). The murine mouse microglia cell line N9 was obtained from Dr Suzanne Hickman (Massachusetts General Hospital) and grown in Roswell Park Memorial Institute medium supplemented with 10% fetal bovine serum, 100 U penicillin, and 0.1 mg/mL streptomycin. Primary human hepatocytes cells were purchased from ScienCell (Carlsbad, CA). These cells (originally cryopreserved right after purification) were expanded for 1 to 2 passages, plated in 96-well plates, and used in our experiments. Human cortical neurons were at passage less than 5 when tested in our experiment. MCF10A (human mammary epithelial cell line) were grown in mammary epithelial cell growth (MEBM) medium (Lonza, Hopkinton, MA) supplemented with 100 ng/mL cholera toxin (Sigma).
Compounds
The drug screen was performed using the Spectrum Collection library (MicroSource, Gaylordsville, CT) on U87 glioma cells expressing the naturally secreted Gaussia luciferase as a viability marker as described (5, 9) . OBT was purchased from Gaia Chemicals (Gaylordsville, CT). The drug was resuspended in dimethyl sulfoxide (DMSO) at 20 mg/mL. The antioxidants N-acetly-L-cysteine (NAC), dithiothreitol, L-glutathione, and catalase were purchased from Sigma-Aldrich. Piperlongumine, CAY10561, and SP600125 were purchased from Cayman Chemical (Ann Arbor, MI).
In Vivo Tumor Models
All animal experiments were conducted under the guidelines and approval of the Massachusetts General Hospital Subcommittee on Research Animal Care. We used female athymic nude mice (aged 6-8 weeks). One million U87 cells stably expressing Fluc and mCherry were mixed with an equal volume of Matrigel basement membrane matrix (BD Biosciences, Franklin Lakes, NJ) and implanted subcutaneously in the flanks of mice. For the intracranial brain tumor model, mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (5 mg/kg) and mounted on a stereotaxic frame. One hundred thousand U87-Fluc-mCherry or one million U251-Fluc-mCherry cells were injected into the frontal lobe of the brain at the following coordinates: 2 mm lateral and 1 mm caudal to bregma; depth 2.5 mm from dura. OBT was administered intraperitoneally at 5 to 10 mg/kg body weight. Before injection, the compound was freshly mixed with phosphate-buffered saline/0.01%Tween80, and a total of 100 µL was injected per mouse. Control groups received an equivalent amount (7.5 µL) of DMSO mixed in phosphate-buffered saline/0.01%Tween80. Injections were repeated daily over a 14-day period for U87 and a 21-day period for the U251 model. For the breast cancer model, MDA-MB231 Br cells expressing Fluc and mCherry were mixed with Matrigel (BD Matrigel, San Diego, CA) (1 × 10 6 in 20 µL Matrigel) and injected into the mammary fat pad of nude mice. OBT was administered intaperitoneally in 20% (2-hydroxypropyl)-β-cyclodextrin (Sigma). Tumor volumes were measured using a caliper and calculated according to the following formula: volume = (width) 2 × length/2. Mice were monitored daily for signs of distress or systemic toxicity. Mice weights were collected on a weekly basis.
Statistical Analysis
The median inhibition concentration (IC 50 ) values were calculated using GraphPad Prism 5.0 (GraphPad Software, Inc, La Jolla, CA) using nonlinear curve fitting. Mice survival data were analyzed using the same software, and statistical significance was determined based on log-rank test. Alternatively, the significance level (Student t test) was calculated using Microsoft Excel spreadsheets. A P value of less than .05 was considered statistically significant. All statistical tests were two-sided. (Additional experimental procedures are described in the Supplementary Methods, available online) results
In Vitro Effect of OBT on GBM Cells
After screening for small compounds exhibiting antiglioma activity, we identified the natural product OBT ( Figure 1A ) as a potent hit. At early time points after adding the compound on U87 cells, a major change in cellular morphology was observed. Cells became round, and many lost their adherence to the cell culture plate ( Figure 1B ). We validated this compound on three different GBM cell lines-Gli36, U87, and U251-and on three different primary (low passage) GBM cells-GBM8, GBM11/5, VU147-using the Gaussia luciferase (Gluc)-based cell viability assay (5). All cells tested were sensitive to OBT; U87 cells were the most resistant. After 24 hours of treatment with 2.5 µM OBT, a 63% (95% confidence interval [CI] = 59% to 67%) decrease in Gluc activity was observed for U87 cells, an 82% (95% CI= 81% to 84%) decrease was observed for U251 cells, and a 96% to 98% (95% CI = 94% to 99% and 97% to 99%) decrease was observed for the other cells ( Figure 1C ). The OBT effect on GBM cell viability was also confirmed using a colony-forming assay. A 12-hour treatment with 0.5 µM OBT was sufficient to totally abrogate U87 colony formation ( Figure 1D ; Supplementary Figure 1A , available online). We also tested this compound on GBM stemlike cells grown as neurospheres. Those cells comprise a CD133-enriched population (8) , are highly tumorigenic (10), infiltrate the brain of nude mice similar to human tumors, and are generally more resistant to radiation and chemotherapy (11, 12) . GBM6 and GBM8 stemlike cells were plated and allowed to form neurospheres before the compound was added. OBT treatment resulted in neurospheres dissociating into single cells and caused extensive cell death, comparable with the one observed in cell lines and primary GBMs ( Figure 1 , E and F).
Role of OBT in Apoptosis and DNA Damage
Flow cytometry analysis of OBT-treated U87 cells showed a dramatic increase in Annexin-V staining, an apoptosis marker, as well as double staining for Annexin V and propidium iodide (PI) indicative of cell death ( Figure 2A ). A 5 µM OBT dose resulted in more than 80% apoptotic/dead cells, confirming the Gluc-viability results described above. Further, a dose-dependent increase in caspase 3/7 activity was observed with a fourfold increase over the control after treatment with 5 µM OBT. A sub-G1 population was clearly detected through cell cycle analysis of OBT-treated samples, further confirming this apoptotic cell death (Supplementary Figure 1B , available online).
We then evaluated DNA damage as a potential trigger of apoptotic cell death. Western blot analysis showed a caspase-mediated cleavage of poly (ADP-ribose) polymerase (PARP) after OBT treatment ( Figure 2C ). The tumor suppressor p53 is a key sensor and regulator of cellular damage and apoptosis (13) . An increase in p53 expression and one of its downstream targets, p53 upregulated modulator of apoptosis (PUMA), was also detected in response to OBT treatment ( Figure 2C ). DNA double-strand breaks, as determined by the phosphorylation of histone 2AX (γ-H2AX), were also investigated. Nuclear foci of γ-H2AX were visible after 6 hours of OBT treatment, and the protein levels of γ-H2AX were markedly increased over time (Figure 2, D and E) . Marked DNA damage was further confirmed by alkaline comet assay on cells treated with OBT ( Figure 2F ).
To investigate whether p53 expression is needed for OBTmediated cell death, we disrupted its expression in U87 cell lines (wild-type p53) using viral-mediated repression as well as RNA interference. U87 cells stably expressing the human papilloma virus E6 protein (14) or a p53-targeting short hairpin RNA had undetected levels of p53 proteins when assayed by Western blotting (Supplementary Figure 1C , available online). This p53 repression did not protect cells treated with OBT (Supplementary Figure 1C , available online), as compared with wild-type U87, suggesting a p53-independent mechanism.
Effect of OBT on Oxidative Stress
We determined the intracellular ROS levels after OBT treatment using the chloromethyl derivative of CM-H 2 DCFDA Figure 1 . Effect of obtusaquinone (OBT) on glioblastoma cells. A) Chemical structure of OBT. B) Effect of OBT on U87 cells. Cells were treated with 5 µM OBT or dimethyl sulfoxide vehicle control. Note the change in cellular morphology at early time points (15 minutes) after treatment. C) OBT toxicity on Gli36, U87, and U251 glioma cell lines and three primary glioblastoma (GBM) cells all expressing Gluc. Cells were treated with the indicated doses and Gluc activity was measured 24 hours later. Data are presented as percentage Gluc expression in which the control untreated sample is set at 100%. D) OBT effect on U87 long-term growth was assessed through colony-forming assay. Cells at low confluency were treated with OBT for 16 hours and allowed to recover in growth medium in the absence of OBT for 12 days. Colonies were counted and plotted as percent of the control. E) OBT effect on survival of GBM stemlike cells. The cells were allowed to form neural spheres before addition of the compound. Cell viability was measured after 24 hours of treatment. F) Microscopy images showing neurosphere disintegration 24 hours after treatment with 10 µM OBT. The average of experimental triplicates (± SD) is shown in (C-E). Scale bar = 100 µm.
(5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester). One hour after OBT treatment, a clear increase of ROS levels, ranging from twofold to sevenfold in a dose-dependent fashion, was observed ( Figure 3A ). When cells were cotreated with antioxidants such as N-acetylcysteine, a potent ROS scavenger, this ROS accumulation was totally reversed ( Figure 3A ; Supplementary  Figure 2A , available online). The ERK pathway is activated by oxidative stress (15) . A marked increase in phosphorylation of Erk1/2 was observed after OBT treatment, starting around 30 minutes and peaking at 3 hours, then gradually decreasing in a time-dependent manner ( Figure 2D ). The c-Jun N-terminal kinase/stress-activated protein kinase was also activated by OBT treatment, as reported through the phosphorylation of c-Jun ( Figure 2D ).
Glutathione is a major antioxidant with pivotal role in maintaining the cellular redox state. We looked at levels of total glutathione (GSH) and its oxidized form (GSSG) after OBT treatment. In U87 cells treated with 2.5 µM OBT, a 25% and 40% decrease in GSH levels were observed after 3 hours and 6 hours, respectively ( Figure 3B ). This GSH depletion was totally reversed when NAC was added ( Figure 3B ). GSH depletion was also detected in U251 cells after 1 hour of treatment with OBT at 10 µM (Supplementary Figure 2B , available online). A major decrease in GSH/GSSG ratio indicative of the redox imbalance was also observed ( Figure 3C ). To check whether OBT kills through ROS accumulation, we measured cell viability in U87 cells treated with OBT in combination with NAC as well as other antioxidants-dithiothreitol, L-glutathione, and catalase. As expected, cell viability was reduced after adding OBT, whereas cotreatment (and pretreatment) with these antioxidants almost fully protected against the OBT-induced cell death ( Figure 3D ; Supplementary Figure 2C , available online). This NAC protection was also observed in a colony-forming assay (Supplementary Figure 1A , available online). Shown in the right panel are the averages and SD of two independent experiments. B) U87 cells were treated with OBT for 16 hours followed by caspase 3/7 assay. Data are presented as fold increase as compared with control samples. The average of experimental triplicates (± SD) is shown. C) U87 cells treated for 24 hours with OBT were analyzed by Western blotting using PARP, p53, p53 upregulated modulator of apoptosis (PUMA), and β-actin antibodies. cl. PARP = cleaved PARP. D) U87 cells treated with 5 µM OBT were lysed at different time points and analyzed for phospho and total ERK1/2, phospho and total c-jun, phospho H2AX, p53, PARP, and β-actin for normalization of protein loading. E) U87 cells treated with 5 µM OBT for 6 hours were stained with γ-H2AX. Nuclei were counterstained with Hoechst 33258. Ctrl = control. Scale bar = 100 µm. F) Alkaline comet assay was performed on U87 cells treated with 5 µM OBT for 24 hours. Cometlike tails are clearly visible in OBT treated cells, indicative of DNAstrand breaks. *P < .05 and **P < .01, two-sided Student t test.
Although the c-jun inhibitor SP600125 prevented OBTinduced c-jun phosphorylation ( Figure 3E ), it did not affect cell viability ( Figure 3F ). Neither did the ERK inhibitor CAY10561. These data suggest that the ERK and c-jun pathways activation occurs as a bystander of the OBT-induced oxidative stress with no effect on cell fate.
Finally we compared ROS generation and GSH depletion in GBM cells treated with OBT and piperlongumine (PL), a recently described cancer-selective, ROS-inducing compound (16) . ROS levels were statistically significantly higher (P = .04) in U87 cells treated with OBT for 1 hour compared with PL-treated cells (Supplementary Figure 2D, available online) . OBT, as compared with PL, also showed higher potency in killing GBM cells (Supplementary Figure 2E , available online).
In Vivo activity of OBT in a Subcutaneous GBM Mouse Model
We used nude mice xenografted with U87 cells to test the OBT antitumor effect. In our first mouse experiment, U87 cells expressing firefly luciferase (U87-Fluc) were implanted subcutaneously and allowed to form tumors. Fluc activity was used to monitor tumor growth overtime (Figure 4, A-D) . After seven consecutive daily injections of OBT, we observed an average of 10% decrease in total body weight in mice treated with OBT ( Figure 4D ). Mice were allowed to recover for 2 days, after which they had regained their initial weight and OBT injections were resumed. By day 35, the signal in the control group was twofold higher than in the OBT group (Figure 4, A and B) . Luciferase imaging was stopped after 5 weeks posttreatment to avoid any erroneous imaging signal (3 mM) were lysed, and total GSH levels were measured. C) Levels of GSH and its oxidized form (GSSG) were measured 6 hours after OBT treatment in the presence or absence of NAC. Data are presented as a ratio of GSH/GSSG. D) U87 cells were incubated with NAC, dithiothreitol (DTT, 1 mM), L-glutathione (L-Glut, 10 mM), or catalase (Cat, 2000 U/ml) for 1 hour before OBT treatment (5 µM). Cell viability was measured 24 hours later with CellTiter-Glo assay and expressed as percentage of control. E) Western blot analysis of c-jun and ERK1/2 phosphorylation in U87 cells treated with OBT 2.5 µM in the presence or absence of the c-jun inhibitor SP600125 (50 µM). Cells were preincubated with the inhibitor for 2 hours before OBT treatment. F) U87 cells were pretreated with the c-jun inhibitor SP600125 (50 µM) or the ERK1/2 inhibitor CAY10561 (10 µM) then treated with OBT. Cell viability was measured 24 hours later. Ctrl = control. All results are shown as the average of biological triplicates ± SD. *P < .05 and **P < .01, two-sided Student t test.
due to large or necrotic tumors (17) . Eight weeks posttreatment, mice were sacrificed and tumors were isolated for size comparison ( Figure 4C) . A twofold increase in caspase 3/7 activities was detected in tumors from the OBT group compared with control, confirming the in vitro data ( Figure 4E ).
In Vivo Activity of OBT in an Intracranial GBM Mouse Model
We next tested OBT on brain tumors using U87 (wild-type p53) and U251 (mutant p53) orthotropic mouse models. U87-Fluc cells were implanted intracranially, and mice were imaged once a week to follow tumor progression using bioluminescence imaging. The treated group showed a statistically significant decrease in tumor growth compared with the control group. At day 35 postimplantation, the average Fluc signal from brain tumors was 5 times higher (average radiance OBT vs control: 3.69E + 08 vs 1.91E + 09, 95% CI = 8.18E + 08 to 2.27E + 09, P = .008) ( Figure 5A ). The difference in tumor growth between the two groups was further confirmed by hematoxylin and eosin staining of brain sections where a clear difference in tumor size could be observed ( Figure 5B ). We then assessed the OBT therapeutic effect on mice survival. The treated group showed a moderate but statistically significant increase in lifespan, with a median survival of 36 days for the control group and a median survival of 40 days for the treated group (median survival ratio OBT vs control: 1.16, 95% CI of ratio = 0.84 to 1.4, P = .04) ( Figure 5C ). OBT effect on mice survival was more pronounced in the U251-Fluc orthotropic model, where the median survival was 69 for the control group and 95 for the treated group (median survival ratio OBT vs control: 1.367, 95% CI of ratio = 1.031 to 1.367, P = .008) ( Figure 5D ).
OBT Effect on Normal Cells and Different Cancer Cell Lines
We then tested our compound on 12 additional cancer cell lines representing 10 different cancer types and six different normal cell lines. Cell viability was assayed 24-hours posttreatment with different doses of OBT. Over 70% decrease in cell viability was seen on all cancer cell lines tested with an average IC 50 value of approximately 2.2 µM (Figure 6A ; Supplementary Table 1, available online). This decrease in cell viability was much lower on all Figure 4 . Effect of obtusaquinone (OBT) on subcutaneous glioblastoma (GBM) tumors in vivo. U87 cells expressing Fluc were implanted subcutaneously in nude mice. One week later, mice were intraperitoneally injected once a day over 14 days with either dimethyl sulfoxide (DMSO) vehicle (control [Ctrl]) or OBT (n = 7 for each group). A) Fluc bioluminescence imaging was performed once a week. Representative bioluminescent images overlayed to bright field images from mice imaged at day 7 and day 35 after tumor implantation. B) Photon count in the tumor was calculated and presented as the average radiance ± SD. C) Nine weeks after tumor implantation, mice were sacrificed and tumors were removed. Four representative micrographs of subcutaneous tumors per group are shown. D) Mice weight (g) was measured on a weekly basis after treatment. E) Mice with U87 subcutaneous tumor xenografts received 5 daily injections of DMSO or OBT. Tumors were then removed and dissociated, and lysates were analyzed using caspase 3/7-Glo assay. Data are presented as fold increase as compared with the control group. *P < .05, two-sided Student t test.
normal cell lines and human primary cells, with an IC 50 greater than 10 µM ( Figure 6A; Supplementary Figure 3A , available online). Further, OBT treatment failed to induce any statistically significant (P = 0.1-0.5) increase in caspase 3/7 activities in the two different HF cells but not in the U251 cells (P = 0.002-0.004) ( Figure 6B ). Also we could not detect any increase in ROS levels after 5 or 10 µM of OBT treatment for 1 hour on HF normal cells ( Figure 6C ). The addition of NAC protected all cancer cell lines tested from OBT-induced cell death (Supplementary Figure 3B , available online). This suggests that oxidative stress is a universal mechanism through which OBT targets cancer cells.
In Vitro and In Vivo Effect of OBT on Breast Cancer Model
We also evaluated the effect of OBT in a breast cancer model. OBT efficiently targeted MDA-MB231 Br cells with an IC 50 of 1.8 µM after 24 hours of treatment ( Figure 6A ). OBT induced caspase 3/7 activation, PARP cleavage, and activation of ERK and c-jun pathways (Figure 7, A-C) . Treated cells exhibited a decrease in total GSH levels ( Figure 7D ) and a threefold increase in GSSG levels ( Figure 7E ). This increase in oxidized glutathione was abrogated when cells were cotreated with dithiothreitol ( Figure 7E ). As expected, cell viability was rescued with NAC cotreatment ( Figure 7F ). Finally, we validated the therapeutic effect of OBT on Fluc expressing-MDA-MB231 Br cells implanted in the mammary fat pad of nude mice. A clear decay in Fluc imaging signal signal was visible at the last treatment time point (week 4 after implantation) ( Figure 7G ). The experiment was stopped at day 56 when tumors in the control group became ulcerated/necrotic. At this time point, Fluc signal in the OBT-treated group was lower than the initial tumor signal at the first treatment time point ( Figure 7G ). Three of six mice in the OBT-treated group showed undetectable Fluc activity. Further, only one mouse in the OBT-treated group showed a visible tumor (Supplementary Figure 4A , available online). Tumor growth was also monitored by caliper measurement throughout Figure 5 . Effect of obtusaquinone (OBT) on intracranial glioblastoma (GBM) tumors in vivo. U87 cells expressing Fluc were implanted intracranially in nude mice. One week later, mice were intraperitoneally injected once a day over 14 days with dimethyl sulfoxide (DMSO) (control [Ctrl]) or OBT (7.5mg/kg body weight) (n = 8 per group). A) Mice were imaged weekly, and the Fluc signal was quantified over 5 weeks after implantation. *P < .05, two-sided Student t test. B) At day 21 after implantation, two mice from each group were killed; brains were isolated, sectioned, and analyzed by hematoxylin and eosin staining. Micrographs from one representative mouse per group are shown. Scale bar = 500 µm. C) Kaplan-Meier survival curve for intracranial U87 xenografted mice (n = 6 for control and n = 7 for OBT) with P = .04 (two-sided log-rank test). D) Kaplan-Meier survival curve for intracranial U251 xenografted mice treated with OBT for 21 days (n = 6 for control and n = 8 for OBT) with P = .008 (two-sided log-rank test). The number of mice at risk at any given time point are indicated below the Kaplan-Meir curves in (C and D) .
the experiment to confirm Fluc bioluminescence imaging results (Supplementary Figure 4B , available online). This in vivo experiment was repeated three times with six mice per group per experiment, and similar results were obtained.
In Vivo Toxicity Analysis of OBT Systemic toxicity studies were performed in mice after intraperitoneal administration of OBT. Total blood count did not reveal any statistically significant difference in mice treated with four daily doses of DMSO control or OBT (Supplementary Table 2 , available online). Moreover blood chemistry analysis after 4 or 14 days of treatment did not show any liver or kidney toxicity (Supplementary  Table 3 , available online). A substantial increase in glucose blood levels (1.55-fold to 1.68-fold) was observed in mice treated with OBT at both time points (Supplementary Table 3 , available online). After four daily injections of DMSO or OBT, mice were sacrificed and organs were collected for hematoxylin and eosin staining. Stained tissues from the liver, kidney, spleen, and lungs did not show any revealing signs of toxicity (Supplementary Figure 5 , available online). A long-term follow-up (up to 6 months) of mice treated with 21 daily doses of OBT (7.5 mg/kg) did not reveal any signs of distress, abnormal growth, weight loss, or any behavioral change.
Discussion
Mounting evidence suggests higher levels of oxidative stress in tumor cells as compared to normal cells (4) . Furthermore, higher levels of ROS have been reported to promote tumor aggressiveness β-Actin for normalization of protein loading (C). D) Gluthathione (GSH) quantification; cells treated with 2.5 µM OBT for the indicated time points were lysed, and the total GSH levels were measured. E) Quantification of the oxided form of GSH (GSSG); cells treated with 2.5 µM OBT in the presence or absence of dithiothreitol (DTT) (1 mM) for the 6 hours before GSSG levels were measured F) Cell viability after 24 hours of treatment with OBT in the presence of absence of N-acetly-L-cysteine (NAC) (3 mM). All experiments were performed in triplicates. Error bars represent SD. G) MDA-MB231 Br cells expressing Fluc were injected into the mammary fat pad of nude mice and allowed to form tumors. Mice were separated into control (Ctrl) group (n = 6) and OBT group (n = 6) and treated as described above. Bioluminescence imaging signals were calculated and presented as the average radiance ± SD. *P < .05 and **P < .01 two-sided Student t test.
functional increase in one of the p53-regulated proapoptotic genes, PUMA. More important, OBT-induced cell death was independent of p53. Cancer cells mutant for p53, such as U251, responded to OBT treatment and showed better therapeutic outcome notably in intracranial mouse models. Because more than 50% of tumor types have a p53 mutation (21) and are generally more resistant to DNA damage (22) , likely because of the antiapoptotic properties of p53 (23) , such p53-irrelevant killing mechanism is desirable. In addition to p53 activation, oxidative stress, among other stressinducing stimuli, can also activate a complex signaling network, such as the mitogen-activated protein kinase, which in turn can regulate p53 activity (24) . A strong activation of two components of this pathway, ERK1/2 and c-jun, was detected at early time points after treatment. This DNA damage response and activation of cellular stress signaling pathway is most likely because of the increase in ROS levels. We further confirmed that this ROS activation is the main cause of cell death induced by OBT because cotreatment with antioxidants such as NAC conferred an almost complete protection against this compound. This activation of oxidative stress response seems to be common in different cancer cell lines tested. More important, OBT seemed to be more selective toward cancer cells and showed less toxicity on normal cells. Recently, Raj et al. identified a new small molecule PL with targets cancer cells with high selectivity and great therapeutic efficiency both in culture and in different animal models (16) . Under our experimental conditions, OBT induced higher ROS levels in GBM cell lines and showed more potency in killing these cells, as compared with PL.
Our study had a few limitations. Despite the therapeutic advantage for OBT, and although it showed a marked antitumor effect in different tumor models and extended survival in two different intracranial glioma xenografts, there is still a large margin for improvement of the compound's potency in vivo. One major hurdle for animal experiments was the poor solubility of this compound. Improving the solubility and understanding the pharmacodynamics of OBT are crucial steps for future validation studies of the therapeutic benefit of this molecule. Despite the solubility issue, OBT was able to penetrate the brain because mice treated with the compound showed longer survival trends. Another limitation was the reversible weight loss observed with mice treated with 10 mg/kg of OBT and the increase in glucose blood levels, although no major adverse effects could be detected upon intraperitoneal administration of the compound up to 21 consecutive days. The effect of the compound on glucose blood levels warrants more attention and investigation. Naive nude mice did not present any signs of toxicity. More thorough studies on immune competent mice need to be performed to assess the effect of OBT on the immune system. Finally, the pharmacokinetics and pharmacodynamics of the compound when administered through different routes (oral, intravenous, intraperitoneal) should be investigated.
It is likely that the cancer toxicity of OBT is not simply because of ROS generation but also because of other yet unknown mechanisms of action or the unique properties of this molecule. Such mechanism has been recently suggested for PL (25) . The potent cytotoxicity of OBT toward a wide range of cancer cell lines and its efficacy on different murine tumor models deserves further attention to validate this natural compound as a potential anticancer candidate. A deeper understanding of the aforementioned compound at the molecular levels would offer more tailored treatment regimens and possibly allow its combination with other conventional therapeutics to achieve a maximum benefit. references
